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Contradicting Design Requirements

The need for innovative tools is apparent now
more than ever as more complex design
requirements are surfacing such as:

- Cost
- Performance & safety

- Quality
- Time to market & short life,
cycle

- Aesthetics (wow, lust for
the product, I got to have £ &
. LT
it ...) amEn
- Major Changes in
Industry’'s Business Model
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Quality - Robust Design

- Definition of Robust Design:
Deliver customer expectations at
profitable cost regardless of:
- customer usage
- variation in manufacturing
- variation in supplier
- variation in distribution, delivery & installation
- degradation over product life

* Goals of Robust Design (shift and squeeze
- Shift performance mean to the target value
- Reduce product’'s performance variability
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Statistical Design Performance Simulation?

“You ‘ve got to be passionate lunatics about the quality issue ...”
Jack Welch

“U.S. autos fight poor quality reputation ...”
Joe Miller /| The Detroit News

“ Product quality requires managerial, technological and
statistical concepts throughout all the major functions of the
organization ...”

Josheph M. Juran

Variation (thickness, properties, surface finish,
loads, etc.) is ...

DOE, Six Sigma, Statistical FEA, Behavioral
Modeling ... THE DEFENCE
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Improved Quality reduced Total Cost

Cost of Defect
or Failure

Failure
‘Lost Customers Costs

-Liability (R&D )
*Recalls (production)
‘Rework -
7]
. =
Examples S

Titanic

Asbestos
-y

Breast Implants —

Bhopal, India
s Defect Level
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Elements of Quality Process: The alphabet soup

i
N
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f\ FCFD * CFM * CAIV ,_

/65 *DFMA * DOE * FMEA |
 CED * JIT * PBS * PFMEA

' QFD * SDPS * PCA

\ SPC * SCM * SW

"\.,,__ |

Robust Design
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Elements of Quality Management Process

Agile Improvement Process
Axiomatic Design *
Benchmarking & Bench-trending
Catch-ball

Cellular Manufacturing
Continuous Flow Development
Continuous Flow Manufacturing
Cycle Time Management

Defect Reduction

Performance Based Specifications
Process

Failure Mode Effects Analysis
Quality Function Deployment
Robust Design

Self-Directed Work Teams

Statistical Design Performance
Simulation

Process Capability Analysis

Assembly

Design of Experiments

Failure Modes effects Analysis
Cause and Effect Diagrams
Just In Time

Supply Chain Management
Synchronous Workshops
Theory of Constraints *
Thinking Process Reality Trees
Total Productive Maintenance
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[
Although all the elements of quality managemen*‘
process are closely connected they remain apart
because they have been developed independently
from each other

Integration of these tools is critical to the
organization and necessary for successful federation
and robust optimization efforts
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Traditional Deterministic Approach

*Accounts for uncertainties through the use of empirical
Safety factors:
- Are derived based on past experience
- Do not guarantee safety or satisfactory performance

- Do not provide sufficient information to achieve optimal use of available
resources

’ Demand \
Load
Requirement
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Noise & Control Parameters

* Noise parameters:
Factors that are beyond the control of the designer or
too expensive to control or change

- material property variability

- manufacturing process limitations

- environment temperature & humidity
- component degradation with time

» Control Parameters:
Factors that the designer can control
- geometric design variables
- material selections
- design configurations
- manufacturing process settings
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Tools for Robust Design

+ Design Of Experiments
- Exploits nonlinearities and interactions between ;‘
noise & control parameters to reduce product ”": gLBn
performance variability -. "::. j_ SN W- 5 , -‘

- full factorial, fractional factorial, Monte-Carlo, TR R T I e

e i S S SRR
» Response Surface Methods
- Central Composite Design
- Box-Behnken Design
- 6-sigma design
- Identifying & qualifying causes of variation
- Centering performance on specification target

- Achieving Six Sigma level robustness on the key
product performance characteristics with
respect to the quantified variation
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Shift and Squeeze
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Statistical Design Performance Simulation ( |

ulation of input
eters (material,
ss, spot welds, ...)

tical analysis of
)ut parameters
5, fatigue life, ...)

“‘worst design’
*Weight Rec

Monte Carlo *Six Sig a(

Engineering Quality & Durability into Components Using Robust Design DOE March 12, 2003




Program Overview

AZIIFRONTIMPACT 102500

NODAL SOLUTION
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Digital Functional Vehicle

integrated engineering tools for enabling energy saving technologies

* Integration of the latest Computer Aided Engineering
tools with advanced design techniques to solve key
technical barriers and to accelerate the development
process. We work closely with industry to identify
technical challenges and provide innovative solutions.
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Digital Functional Vehicle

integrated engineering tools for enabling enerqgy saving technologies

- Sampling from the NREL Tool Kit:

TRIZ & Topology Optimization for conceptual design

Parametric Behavioral Modeling CAD (not dimension but attribute driven
design)

Finite Element Modeling (implicit, explicit, VPG)

Multi-physics applications (structural/thermal, fluid/thermal,
electromagnetics,etc)

Optimization integrated with CAD & FEA
Design for 6-sigma using CAE (DFSS)

- Probabilistic Design Methods (engineering quality info desig.

Experimental Design Techniques

- Integration with Vehicle Systems Analysis tools

Engineering Resources and Computational Power Available at National
Labs
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Recent DFV Applications

Petroleum Consumption, Technical Hurdles, Transfer to Industry
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_ @ Robust Designs of
Fuel Cell Components

-Thermal analysis

-Structural analysis

-Topology optimization

- High temperature stack

‘ \' - Plug Power

Behavioral Modeling for
Power Electronics Cooling

A
- Ballard Power Systems
e
LJCOIYll TVl OIA=SIyllia
/Techniques for
ﬁ Battery Thermal
Management
- Ford Motor Co - USABC
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Robust Optimization reusable workflow template

Load (N)

Caila

5, CCD, BEM

Control Pe

B R
- - — -1

ANSYS

JAN 18 2002
19:30:43

Ford Motor Company

SAE — IEBEC 2001
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Robust Optimization reusable workflow template

Moise Parameters

g

—
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o

Control Parameters

i
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Ford Motor Company

SAE — IEBEC 2002

Engineering Quality & Durability into Components Using Robust Design




Robust Optimization reusable workflow template

Moise Parameters

g
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Robust Optimization reusable workflow template

Moise Parameters

g
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American Society of Quality
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Transferring the Tools to Industrv

Reliability Based Optimization within the CAD
Environment

Andreas viahinos
Advanced Engineering Solutions, LLC
Subhash Kelkar

02ZFCC-51

Energy Efficient Battery Heating in Cold Climates

Andreas Vlahinos, Ph.D.
fincipal, Advanced Engineering Solutions
02IBECA-28

Ahmad A. Pesaran, Ph.D.
. Hational Renewable Energy Laboratorny

Designing For Six-Sigma Quality with Robust Optimization

using CAE
Ford Motar Compary
stefan Reh, Robert SeCaur, Steve Pilz Andreas Vlahinos, Ph.D.
AMNSYS INC Frincipal, Advanced Engineering Solutions, LLC
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Robust Design of a Catalytic Converter with Material and

Danet Suryat:

Manufacturing Variations

Andreas Vlahinos
Frincipal, Advanced Enginearing Solutions, LLC

Ullahkt
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ABSTRACT

A design is robust when the performance targets hawe
been achieved and the effects of variation have been
minimized without eliminating the causes of the
wariation such as manufacturing tolerances, matedal
properties,  enwironmental temperature,  humidity,
operational wear ete. In recent years several robust
design concepts have been introduced in an effort to
obtain optimum designs and minimize the variation in
the product characteristics [1,2].  In thiz study, a
probabilistic  design  analysiz= was performed on a
catahtic converter substrate in order to determine the
required manufactuing tolerance that results in a robust
design.  “adation in drcolarity (roundness) and the
ulimate shear stress of the substrate material were
considered.  The required manufacturing tolerance for a
robust design with 12 and 2 sigma quality levels was
determined. The same m turing tol for a
reliability based design with reliability lewels of 85%,
Q0% and 95% was also determined and compared. The
methodalogy for implementing robust design used in this
research effort iz summarized in a reusable wordlow
diagram.

INTRODUCTION

Robust design is a methodology that addreszes product
quality issues early in the design cyele. The goal of

Jay T. TenBrink, Ronald E. Baker
DaimlerChrysler Carporation

of available resources. The probabilistic design process
has not been widely used because it has been
intimidating and tedious due to its complesdity.

In thiz research effort, probabilistic modeling  of
manufacturing and material wariations for a catahdic
converter substrate was conziderad. Typical shapes of
catahtic converter substrates are shown in Figure 1.
The substrate uzed in thiz study has a evlindrical cross
section and iz encloged in a cylindrical steel cover. If
the zubstrate iz not a perfect eylinder the steel cowver
applies a non-uniform pressure along the circumference.
Assuming that the maximum diameter of the substrate
iz @ya, and the minimum diameter is @y, we can
characterize the wariation in circularity ar roundness &
with their difference & = ®p,, - Oy Due to
turing variations & iz idered a random input

wariable.

EFFECT OF MATERIAL AND MANUFACTURING VARIATIONS
ON MEAS PRESSURE DISTRIBUTION

Subhash Kdkar, Ph.D.
S Technlcal Spedalks |, Fod Molor G ompany

Andreas Vlahinos', Kenneth Kelly’, Jim D' Aleo”, Jim Stathopoulos®,

prporce sutsce sampling Ectrigees  =E
Fried In deermining ke resporee dis Houlon. !Advanced Engineering Solutions, LLe, Castle Rock, CC 80108, USA andreas
ma dezign cileda ae estlizhed ko osiz he P i = X e 2 T

lerl ard compar K= design b be cre Natwonal Renewable Energy Laboratory, Golden, CO 80401, USA kenneth_kellvidinrel gov

0 ey *Plug Power, Ine, Latham, NY 12110, TTSA, james_daleo@plugpower com

*Plug Power, Inc., Latham, MY 12110, TT8A jpm_stathopoulosi@plugpower com
ram &
x .
1=l 2 ASQ TECHNICAL
PAPER SERIES
Empowering Engineers to Generate Six-Sigma
Quality Designs
FE
Andreas Vlahinos

Advanced Engineering Solutions, LLC

Kenneth Kelly, Ahmad Pesaran & Terry Penney
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Press & Analyst Community

A dialog box from PIC's Behavioral

is saslly subtintod for a sarsilhvity
study that determines and plots ef-
fects of any Pro/E design variable to
the natural frequency, or the
probability of failure.

"Engineering Quality into MACHINE

Digital Functional Vehicles, DES]GN

IDPS2002, 2002 June 2002
Se ptember 2002

iaia

"Mixing CAD with S|mula‘r|on N nﬂsnﬂll [ll!||||EEI'III!|

gives designers new power" | Essman
September 2002 Machine
Design Magazine

AD WITH SIMULATION
Gl U{h DESIGNERS NEW POWER

"The Probability of Optimum|
Design" October 2002

Desktob Enagineerinag

Magazine

"The Probability of Quality" | ot

March 2003 DCSkTOP daratech

Engineering Magazine — |P82002
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+ Applications:
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Management

. ‘£ : Techni
for Road Load Reduction
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FORD Thmk_ Mobullty Design Op’rlmlzahon

Space Claim
Envelope
Suspension
Optimization

Time to Market

APGIFRCMTIMPACT 102500
Tane= 0

Topology Optimization Crash Simulation
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Robust Design of Fuel Stack







2
s

F2 Force Variation

Hp,=100 N & 6.,=5 N |
Normal Distribution |

o }
(o}
(5]
e o]

Probability Density
2 :

0.02
0
85 80 95 100 105 110 115
zx 10° F2 Force (N)
o Egp Modulus of Elasticity

=
(%]

g =5100 & o, =255 MPa

BF BF

Normal Distribution

Probability Density

=

4200 4400 4600 4800 5000 5200 5400 5600 5800 6000 6200
Modulus of Elasticity Bipolar Plate (MPa)

e

1.15 1.2

@

tgp Variation

=]

n, =1.27 & o, =0.06 mm|

8P BF

Normal Distribution |

Probability Density

=

1.45 1.5

105 11 125 13 135 14
Bipolar Plate Thickness (mm)

3 tg4 Variation
£ 15 -
@
O n, =0.457 & o, =0.022
3‘10 MEA MER |
:E Normal Distribution
® 5
o
o
[ ==
o o

0.42 0.44 0.45 0.48 0.5 0.52 0.54

MEA Thickness (mm)

0.38 0.4

Maximum Compressive Stress of Top MEA

0.35
al [ |
0.25
£
@ 0.2
o
o
E~]
0015
= u, =-0.795N
0.1 i
6,=0.0176 N
0.05 L ‘
N N By al..llll.'lllllilll |
-30 -25 -20 -1 -10 5 0
Minimum oy (MPa)
Compressive Stress Differential of Top MEA
0.35
1 J0L 1
e ! { b |
£
@ 0.2
o
o
P
® 015
T
ns, =1.127 N
a1 z
6,,=0.025 N
0.05 ‘ ‘ :
I} ||||.IIIIII'"I-'lll..nl..—J ____________ o
0 5 10 15 20 25

Differential ma){av-mlnay (MPa)



Sensitivity of Design Variables on Pressure
Uniformity Ao, of First Membrane

MEA Thickness

Bipolar Plate Thickness

Sensitivity of Design Variables on Pressure
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Power Electronics Cooling with Behavioral Modeling
. Enabling Critical Technologies

Direct Hydrogen Fuel Cell Vehicle

Multi-Physics Modeling
conjugate solutions of thermal, _ 0
Structural, e
fluid-flow,
electromechanical problems

convertNge electric energy
into the mechanical energy which s the wheels.

...........
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Power Electronics Cooling with Behavioral Modeling

Project Goal :
Develop a heat exchanger design to efficiently remove heat
from AIPM and reject it into the vehicles coolant loop with
uniform cooling, minimum cost, volume and pressure drop.

Objective:
|dentify which cooling concept the NREL team should pursue
further: 3

1. Pin-Finned Design

“Cook-top” serpentine flow field

“Fish bone” fins

Carbon Foam

SUEE 2
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Conjugate Solution

of CFD and Heat Transfer

NCDAL SCLUTTCH

STEP=1

SUBE =1

TIME=1

TFMP [(AVG)
R5YE=0

SM =60.435
B, =0632..155

60,435

ANSYS

CEC 20 2002
11:17:08
PLCOT MNC. 1

FLOW TRACE

STEP=1
5UB =1
VUM

MM =2.221

LA83821

o _GR7242 1.481 1.674
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Inputs with Variation

Gap Thickness
Cell Resistance
Flow Rate

Six input parameters:
“’rgap

O'tgap
HRr
Opr

HFrate

ot o,

E_hgmeering Qulh‘y & Dur'ablify into oﬁpbhénfs Using Robust Design
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Outputs

E
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sens i.rivi.'_y Analysis Sensitivity of Design Variah;?rsazz Max Tem perature
- Sensitivity of the design
variables on the response rov e Redielants
attributes
- The flow rate has the most
impact on the maximum Sensitivity of Design Variables on dT
temperature

- All three input design variables
have about equal effect on the
temperature differential

- The internal battery resistance

Flow Rate ERE

has no effect on the pressure Resistance
drop.

Sensitivity of Design Variables on Pressure Drop

Flow Rate
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Design Space with ¢ Quality Regions T, .

1 1.2

Design Space with Sigma Quality Regions for maxT
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NREL Parametric ‘
Tire Data |

(Geometric, Material
Loading, Modeling)

DOE

Optimization
Enrich -
Data Base

FEA Results Supercomputer
3600 CPU hours
- Improving the loads prediction capability using an
accurate tire model would assist in minimizing vehicle
weight while creating durable vehicle structure
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Tire Geometry Morphing
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Catalytic Converter Section
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Catalytic Converter Failure Avoidance Study

* If A= D, Prin Tallowable €XhibiTs a given
variation identify the supplier
specification (maximum standard
deviation of A) in order to achieve six-
sigma quality

ANSYS
v 20 2001

7777777777777777777777777777777777777777
DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
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Topology Optimization of Fuel Cell Endplates

ISYS g
2003

RIT Paper investigates "Effect
of Material and Manufacturing
Variations on MEA Pressure
Distribution”




How can you use
these techniques in
your program ?
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